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Interferometry of ambient and shipping noise in the ocean provides a way to estimate physical
parameters of the seafloor and the water column in an environmentally friendly manner without
employing any controlled sound sources. With noise interferometry, two-point cross-correlation
functions of noise serve as the probing signals and replace the Green’s function measured in active
acoustic remote sensing. The amount of environmental information that can be obtained with
passive remote sensing and the robustness of the estimates of the seafloor parameters increase when
contributions of individual normal modes are resolved in the noise cross-correlation function.
Using the data obtained in the 2012 noise-interferometry experiment in the Straits of Florida,
dispersion curves of the first four normal modes are obtained in this paper by application of the
time-warping transform to noise cross correlations. The passively measured dispersion curves are
inverted for unknown geoacoustic properties of the seabed. Resulting thickness of the sediment




In ocean acoustic noise interferometry (NI),1–5 one
retrieves an estimate of deterministic Green’s function from
time series of diffuse ambient or shipping noise recorded by
spatially separated receivers. Thus, NI6–11 offers a way to
achieve passive acoustic characterization of the environ-
ment, which does not require any controlled sound sources.
With noise used as the probing signal, acoustic remote sens-
ing becomes an environmentally friendly and relatively low-
cost technique of ocean monitoring. Ocean acoustic NI and
the closely related passive fathometer technique12 have been
successfully used to implement passive acoustic thermome-
try13,14 and tomography,15,16 measure velocity of ocean
currents,17 and characterize the seabed.18–22
When noise is not perfectly diffuse, the empirical
Green’s function, i.e., the estimate of the deterministic
Green’s function that is retrieved from the noise cross-
correlation function (NCCF), consists of the same ray or nor-
mal mode arrivals as the true Green’s function. However,
the spectral amplitudes of the arrivals in the empirical
Green’s function differ from those in the true Green’s func-
tion and depend on the noise directivity,3,11,23 which is usu-
ally known only roughly. Therefore, matching the passively
measured travel times of ray arrivals or dispersion curves of
normal modes is expected to lead to a more accurate and
robust inversion for environmental parameters than minimiz-
ing the mismatch between measured and computed Green’s
functions.
In this paper, we use the time-warping transform24,25 to
retrieve dispersion curves of acoustic normal modes from
the empirical Green’s function of a shallow-water waveguide
and subsequently invert the passively measured dispersion
curves for geoacoustic parameters of the seabed in the
Straits of Florida. Time warping has been used extensively
in underwater acoustics,26–32 often with applications to geoa-
coustic inversions, to retrieve dispersion curves of normal
modes from measurements made at a single receiver of a
transient wave field excited by a compact sound source. The
feasibility of separation of contributions of individual
normal modes into a two-point cross-correlation function of
diffuse noise was previously demonstrated by Brown et al.33
and Sergeev et al.34 However, no geoacoustic inversions
of the passively measured modal dispersion curves were
reported in these papers. As discussed below, retrieval of
normal mode dispersion curves from noise correlations with
the accuracy necessary for meaningful geoacoustic inver-
sions is a more exacting signal-processing problem than a
simpler task of normal mode separation.
The remainder of the present paper is organized as
follows. An experiment4,17,33 on acoustic NI in the Straits of
Florida and NCCF calculation are described in Sec. II.
Section III discusses an application of time warping toa)Electronic mail: ttan1@nps.edu
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separate the normal mode contributions to the NCCF, as
well as passive measurement of the mode travel time depen-
dence on the mode order and wave frequency. An algorithm
for inferring the geoacoustic parameters of the seabed from
passively measured mode travel times is presented in Sec.
IV. Results of the geoacoustic inversion are discussed and
compared to previously reported results in Sec. V. Section
VI summarizes our conclusions.
II. EXPERIMENTAL WORK AND NCCF
The data analyzed in this paper were collected from
continuous recordings over six days of acoustic pressure in
the NI experiment in the Straits of Florida in December
2012.4,17,33 In this experiment, three autonomous ambient
noise recording systems were deployed. Each system had a
single hydrophone, electronics, and batteries contained in a
housing on a short, taut mooring with the hydrophones
located 5 m off the seafloor. Acoustic noise recorded by two
hydrophones A and B, separated by about 5.01 km, is used to
construct NCCF in this paper. Acoustic pressure was mea-
sured by the hydrophones concurrently up to a millisecond-
scale time shift due to relative drift of clocks on the two
receiving systems. Both hydrophones were deployed on the
continental shelf close to the 100-m isobath approximately
15 km off the Florida Keys, as shown in Fig. 1(a). The sea-
floor was relatively flat with the slope on the order of 10!2
rad in the direction perpendicular to the isobath.
NCCF has been calculated in the 10–110 Hz band and is
shown in Fig. 1(b) as a function of time delay s between the
time series of pressure recorded on hydrophones A and B.
Note large peaks in the NCCF magnitude around time delays
63:4 s, which correspond to acoustic travel times between
hydrophones A and B [Fig. 1(b)]. In calculating NCCF, we
followed Refs. 4, 15, and 17 and applied spectrum pre-
whitening, i.e., a normalization of the amplitude of the signal
in the frequency-domain, to suppress contributions of strong,
transient non-diffuse noise sources, such as nearby shipping,
and compensate for variations of the noise power spectrum
with frequency. The NCCF in the frequency-domain, Ĉðf Þ,
has been calculated as follows:







Here the asterisk denotes complex conjugation, f is the sound
frequency in Hertz, PA;nðf Þ and PB;nðf Þ are spectra of the
pressure recorded by hydrophones A and B, respectively,
during the nth time window, and N is the number of non-
overlapping time windows used in averaging. The NCCF in
the time-domain, C(s), is obtained as the inverse Fourier
transform of the frequency-domain NCCF Ĉðf Þ: In the
Florida Straits experiment, NCCF estimates were previously
found to become stable (with respect to further increase in
the noise averaging time) after stacking of about 36 h of
recording.17 In this study, the entire recorded six-day time
series of acoustic pressure, which was split into 625-s time
windows, were used in Eq. (1) to calculate C(s).
During the experiment, the water temperature and sound
speed variations with depth were relatively weak with the
sound speed being 1537:4 6 2:4 m/s throughout the water
column33 [Fig. 1(c)]. The sound speed profile (SSP) shown
in Fig. 1(c) was obtained as the average of SSPs measured in
the vicinity of the receivers in the beginning of the experi-
ment, and the profile did not change appreciably during the
six days of acoustic measurements.
The negative- and positive-time-delay parts of the
NCCF C(s), to be abbreviated as N-NCCF [blue line in Fig.
1(b)] and P-NCCF [red line in Fig. 1(b)], respectively,
approximate the acoustic Green’s functions, which corre-
spond to sound propagation in opposite directions between
hydrophones A and B.3 In data-based estimates of NCCF, the
Green’s functions represent a coherent signal superimposed
on random “noise.” Variance of the latter is largely indepen-
dent of the time delay s.9 The largest NCCF amplitudes and
best signal-to-noise ratio (SNR) for retrieving the Green’s
functions are found at time delays 3.20 s < jsj < 3.80 s [Fig.
FIG. 1. (Color online) The 2012 Florida Straits NI experiment. (a) Location of two near-bottom hydrophones A and B used in this study. The hydrophones
were located about 5.01 km apart near the 100-m isobath off the Florida Keys. (b) Arbitrarily normalized NCCF recorded by hydrophones A and B. NCCF is
shown as a function of time delay s. Note NCCF peaks around s¼63.4 s, which correspond to sound propagation between points A and B, as expected for
diffuse noise. (c) Average of the SSPs measured during receivers’ deployment.
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1(b)]. We will refer to this part of the measured NCCF as the
“energetic” part. In Fig. 1(b), the energetic part of NCCF
appears to be an even function of the time delay s as
expected for diffuse noise.1,3,35 A closer examination reveals
a subtle asymmetry between positions of the N-NCCF and
P-NCCF peaks. The two factors responsible for the asymme-
try are the clock drift and acoustic non-reciprocity induced
by the strong current in the Florida Straits.4,17 In this study,
we have symmetrized the measured NCCF. By cross-
correlating the energetic parts of N-NCCF and P-NCCF at
3.20 s < jsj < 3.80 s, we found a 5.6-ms shift of the cross-
correlation peak from zero. Then, the NCCF was shifted as a
whole along the time-delay axis by 2.8 ms. This procedure
is known to correct for the effects of clock drift and
non-reciprocity due to the depth-averaged component of the
flow velocity.17 (Compensation of the subtler non-reciprocal
effects, which depend on the flow velocity profile, sound fre-
quency, and mode number, is discussed in Secs. III and V.)
The energetic parts of N-NCCF and P-NCCF after the time
shift correction are shown in Fig. 2(a) and used in this study
as the source of environmental information for acoustic
remote sensing.
III. PASSIVE MEASUREMENTS OF NORMAL MODE
TRAVEL TIMES
To separate contributions of individual normal modes
into NCCF and extract the modal dispersion curves, which
FIG. 2. (Color online) Application of the time-warping transform to separate individual normal mode contributions into the NCCF. (a) Blowup of the energetic
portions of the NCCF in Fig. 1(b). Negative (dashed blue curve) and positive (solid red curve) time-delay parts of NCCF are shown as functions of the absolute
value of the time delay. The reference time sr & 3.25 s used in the time-warping transform is shown by a vertical dashed line. (b) Spectrogram of the negative-
time-delay part of NCCF. Spectral density is given on a dB scale with an arbitrary reference. White circles show the dispersion curves of the first four normal
modes, which are obtained using time warping. Note that the normal modes are not separated in the original spectrogram. (c) Same as (b) but for the positive-
time-delay part of NCCF. (d) Spectrogram of the negative-time-delay part of NCCF in the warped domain. Spectral density is normalized by its maximum
value. Normal modes appear to be separated in the spectrogram, and their orders are indicated. The box with white dashed-line boundaries is the time-
frequency (TF) mask applied to isolate mode 2 at the unwarping stage of the signal processing. (e) Same as (d) but for the positive-time-delay part of NCCF.
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contain environmental information, in this section we
apply a single-receiver modal filtering method, the time-
warping transform.24,25 Section III A describes the modal
isolation scheme and the results of its application to P-
NCCF and N-NCCF. The unwarping process to restore the
waveform of each mode and subsequently measure its
travel time at various frequencies is presented in Sec. III B.
Section III C analyzes the accuracy of the modal travel
time retrieval.
A. Application of the time-warping transform to the
NCCF
The time-warping process transforms a received signal
SðtÞ into a warped signal ~SðwðtÞÞ; which is given by26
~S w tð Þð Þ ¼ jw0 tð Þj!1=2S tð Þ: (2)
Here t is the travel time, and wðtÞ is the warping function,
which has the meaning of time in the warped domain, and
w0ðtÞ is its derivative. The factor jw0ðtÞj!1=2 ensures that
the warped and original signals have the same energy. In a
shallow-water waveguide, the warping function is defined26 as





where sr ¼ r=cw, and r is the distance between the source and
receiver in an active scheme. In the NI context, r is the dis-
tance between two hydrophones with one hydrophone serving
as a virtual source and the other as a receiver. In the case of a
uniform layer with ideal (i.e., pressure-release and/or rigid)
boundaries, for which Eq. (3) has been actually derived, cw is
the sound speed in water. Physically, time warping corre-
sponds to time axis dilation and compression. Mathematically,
it is a non-uniform resampling which transforms each modal
arrival (transient energy associated with a fixed mode number)
into a continuous wave signal of a monotone frequency, so
each modal arrival can be isolated in the warped domain by
applying a narrow bandpass filter.26 The time-warping trans-
form defined by Eqs. (2) and (3) has been proven experimen-
tally to successfully separate normal modes at low frequencies
in shallow-water waveguides.26–31,36–38
In the NI context, the absolute value of time delay s
plays the role of time t, and the received signal SðsÞ in Eq.
(2) is either the P-NCCF: SðsÞ ¼ CðsÞ; s > 0; or time-
reversed N-NCCF: SðsÞ ¼ Cð!sÞ; s > 0 [Fig. 2(a)]. The
spectrograms of the N-NCCF and P-NCCF signals are
shown in Figs. 2(b) and 2(c), respectively. The spectrogram
is the absolute value squared of the short-time Fourier trans-
form (STFT), SSTðt; f Þ, which is calculated as follows:32,39
SSTðt; f Þ ¼
ðtend
tstart
SðtÞhðt0 ! tÞe!i2pft0dt0: (4)
Here tstart¼ sr & 3.25 s and tend¼ tstart þ 0.5 s. The smooth-
ing function h is the Hamming window of 2.5 ms in duration
and centered at zero. Normal mode contributions are not sep-
arated in the spectrograms in Figs. 2(b) and 2(c), which
becomes particularly clear when the spectrograms are com-
pared to the expected dispersion curves of the normal modes.
Results of time warping are sensitive to the choice of
parameter sr in Eq. (3). In shallow-water waveguides with a
penetrable bottom, sr represents the earliest arrival time
of the water-wave component of the signal. In practice,
sr¼ r/cw can be determined empirically without precise
knowledge of r or cw; sr is selected so that normal modes are
clearly separated in the spectrogram in the warped domain.
Specifically, at time delays jsj < sr & 3.25 s, the N-NCCF
and P-NCCF waveforms in Fig. 2(a) are not in phase and the
signal strength is low, therefore, these parts are not used in
the signal processing. This choice of sr indeed leads to clear
separation of normal modes in the warped domain [Figs. 2(d)
and 2(e)]. For orientation, our choice of sr corresponds to
cw¼ 1540 m/s when r takes its nominal value 5.010 km
(see Sec. II) or the depth-averaged water sound speed cw
¼ 1537.5 m/s when r¼ 5.002 km. To better compare the
modes propagating in opposite directions and for consistency,
the same optimum value of sr in Fig. 2(a) is selected for both
N-NCCF and P-NCCF.
Equation (2) transforms N-NCCF and P-NCCF shown
in Fig. 2(a) into the warped domain. Spectrograms of the
warped signals are calculated by using Eq. (4) and adjusting
the limits of integration accordingly. Modes occupy distinct
frequency bands and are clearly separated in the warped
domain [Figs. 2(d) and 2(e)]. For both N-NCCF and
P-NCCF, their highest identified mode, mode 4, has consid-
erably less energy than modes 1–3, but the SNR is still large
enough to retrieve the mode’s dispersion curve and use it in
geoacoustic inversions. In the N-NCCF spectrogram, some
acoustic energy appears at warped frequencies between those
of modes 1 and 2 around the 1.1-s warped time [Fig. 2(d)].
No such feature is present in the P-NCCF spectrogram [Fig.
2(e). We interpret the feature in Fig. 2(d) as the warped-
domain manifestation of a spurious arrival due to a localized
noise source, i.e., a non-diffuse component of the noise field.
The spurious arrival is separated in the warped domain from
the normal modes that propagate between the hydrophones
and, thus, has no effect on retrieval of the mode dispersion
curves.
B. Retrieval of mode dispersion curves
Time-warping transform is invertible. After the normal
mode signals are isolated and identified in the warped
domain, each normal mode can be “unwarped” separately
back to the physical domain. The inverse warping transform





To obtain the waveform of an individual normal mode in the
warped domain, we apply the time-frequency (TF)
masks,26,27 which are illustrated in the spectrograms in Figs.
2(d) and 2(e) as the areas enclosed by white dashed lines.
STFT is multiplied by a step function, which equals one
inside and zero outside the TF mask. After application of the
TF mask, the warped-domain signal ~SmðwðtÞÞ; due to the
individual mode m, is obtained by the inverse STFT, where
STFT is defined in Eq. (4). Finally, application of the inverse
warping transform to the warped-domain signal ~SmðwðtÞÞ
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gives waveform SmðtÞ of the mode m back in the physical
domain. Figure 3(a) illustrates the result of such a mode
filtering process using m¼ 2 as an example. The retrieved
mode 2 components of N-NCCF and P-NCCF are visually
very similar [Fig. 3(a)] except at large travel times, where
SNR is lower and the two waveforms are not in phase.
Spectrograms of individual normal modes in the physi-
cal domain are calculated from their waveforms in the usual
way using STFT Eq. (4). The resulting spectrograms of a
single mode m are no longer affected by mode interference.
This is illustrated in Figs. 3(b) and 3(c) for the particular
case of m¼ 2. Mode dispersion curves tmðf Þ have been
extracted from the physical-domain spectrogram using the
reassignment process,40 which improves the resolution of
the TF distribution by reallocating the energy concentration.
The result tmðf Þ is shown by white circles in Figs. 3(b) and
3(c) for mode m¼ 2. The dispersion curves tmðf Þ; obtained
with the reassignment process and by finding the travel time
that maximizes the magnitude of the spectral density in
each frequency bin, prove to be very close in our problem
with the reassignment process resulting in a smoother dis-
persion curve. On the scale of Figs. 3(b) and 3(c), the mode
2 dispersion curves retrieved from N-NCCF and P-NCCF
agree very well as expected when the noise field is suffi-
ciently diffuse.
Generally, the difference between mode travel times
tmðf Þ retrieved from N-NCCF and P-NCCF is on the order of
a millisecond. However, much larger discrepancies can be
seen on closer examination of the lower-frequency portion
of Figs. 3(b) and 3(c). For mode 2, the large discrepancies
occur at frequencies close to 20 Hz. N-NCCF in Fig. 3(b)
produces modal travel time t2ðf Þ longer than 3.6 s, whereas
P-NCCF in Fig. 3(c) does not in the same lower frequency
bin. Similar increase in the travel time discrepancies is also
observed for the other normal modes at frequencies close to
the minimum of their group speed.42 This can be attributed
to the small signal amplitude and low SNR at the waveform
tail [Fig. 3(a)], so that the extracted travel times at lowest
frequencies of each modal component are not accurate.
Another possible reason is related to the temporal extent of
the TF mask applied to the warped-domain spectrogram.
Spectral density is small at large warped times [e.g., at times
greater than 1.45 s in Figs. 2(d) and 2(e)], and it is not clear
where “signal” ends and noise starts. Upon unwarping, large
warped times translate into large and potentially unphysical
mode travel times. Thus, time-warping processing has a
FIG. 3. (Color online) Retrieval of normal mode dispersion curves. (a) Normalized waveform S2ðtÞ obtained from the mode 2 signal isolated in the warped-
domain spectrogram. Dashed blue and solid red lines show the mode 2 components of the NCCF’s negative- and positive-time-delay parts, respectively. (b)
Mode 2 spectrogram in the physical domain for the NCCF’s negative-time-delay part. Spectral density is given on a dB scale with an arbitrary reference.
White circles show the mode 2 dispersion curve t2ðf Þ retrieved from the spectrogram. (c) Same as (b) but for the positive-time-delay part of NCCF.
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difficulty in accurately identifying the maximum mode
travel time.
C. Accuracy of travel time measurements
Normal mode travel times tmðf Þ need to be measured
very accurately in order to employ modal dispersion curves
for acoustic remote sensing of the ocean, especially at the
relatively short propagation distances typical in shallow-
water scenarios. Here, we discuss measurement errors and
develop methods to suppress the errors.
The time-warping-based mode separation39 involves the
subjective step of manually selecting a TF mask (Sec. III B).
Even when the modes are clearly separated in the warped-
domain spectrogram, applying a slightly different TF mask
changes the energy allocation and affects the physical-
domain waveform. Then, the retrieved dispersion curve is
also affected, with the most pronounced changes occurring
in the low-SNR parts of the mode signal, such as at low fre-
quencies close to the group speed minimum. To quantify the
effect of the TF mask choice, mode separation and the dis-
persion curve retrieval have been repeated with nine inde-
pendent choices of reasonable TF masks for each of the four
normal mode components of the measured P-NCCF and N-
NCCF. The results are illustrated in Fig. 4 for modes 2 and 3
of P-NCCF. After the nine trials, the root-mean-square
(RMS) deviation of the mode 2 travel time from the sample
mean of the nine trials is less than 1 ms at all frequencies
above 30 Hz. The RMS deviation of mode 2 travel time
increases rapidly as frequency decreases below 30 Hz.
Results are similar for mode 3 (Fig. 4) and the other modes
(not shown), except that the rapid increase of the RMS devi-
ation occurs at different frequencies. For example, for mode
3, the RMS deviation is less than 1 ms above 40 Hz and rap-
idly increases below this frequency. Thus, repeating the
mode separation with different TF masks has allowed us to
significantly decrease the travel time measurement errors
and simultaneously determine, for each mode, the frequency
band, where the measurements are reliable.
The mode dispersion curves, which have been retrieved
from P-NCCF and N-NCCF after nine trials, are depicted in
Fig. 5(a). The dispersion curves are shown in the full fre-
quency band to illustrate the rapidly increasing discrepancy
between the P-NCCF and N-NCCF curves that occurs due to
insufficient SNR at frequencies below the mode-specific
frequency range of reliable measurements. Overall, the P-
NCCF and N-NCCF dispersion curves are closer for modes
1 and 3 than for mode 2. Mode 4 exhibits the largest travel
time discrepancies due to its relatively low magnitude in the
N-NCCF and P-NCCF spectrograms [Figs. 2(d) and 2(e)].
The larger travel time uncertainty of mode 4 can be
attributed to the effect of ( 1-m tidal variations of the water
level during the experiment,4 which lead to a faster coher-
ence loss and SNR decrease of the higher-order modal com-
ponents of NCCF.41
In addition to the random measurement errors due to
limited SNR, there is a systematic difference between the
dispersion curves retrieved from N-NCCF and P-NCCF. It
represents the difference between the mode travel times at
propagation up and down the Florida current, which flows
approximately along isobaths from hydrophone B to hydro-
phone A [Fig. 1(a)]. The flow-induced travel time non-
reciprocity is on the order of a millisecond,17 cannot be seen
on the scale of Fig. 5, but is still non-negligible in geoacous-
tic inversions. To isolate the reciprocal component of the
mode travel times and remove the effect of poorly known
flow velocity profile, the modal travel times retrieved from
N-NCCF and P-NCCF are averaged for each of the four
modes. The resulting reciprocal dispersion curves are shown
in Fig. 5(b). The reciprocal dispersion curves are virtually
unaffected by the current42 and used as input information for
the geoacoustic inversion discussed in Sec. IV. The inversion
assumes a stationary ocean.
To better appreciate the scale of measurement errors
relative to the mode travel time changes due to dispersion, it
is instructive to compare the measurements to modal disper-
sion curves calculated for the best-fitting environmental
model, as found in Sec. V. The inaccurately determined parts
of the measured dispersion curves were not included in the
inversion (Sec. IV) but still show good agreement with the
inversion results on the scale of Fig. 5(b).
IV. INVERSE PROBLEM
Geoacoustic inversion aims to find the experimental
geometry and seabed model that best fit the passively mea-
sured dispersion curves of the acoustic normal modes. A
range-independent ocean is assumed because the seafloor is
rather flat at the experiment site [Fig. 1(a)], with the water
depth being within 3.0 m of the average depth along the
acoustic propagation path between the receivers.4 The water
depth was 102 m at the receiver A location [Fig. 1(a)], and
this value has been used in the range-independent environ-
mental model. The SSP in water [Fig. 1(c)] is assumed to be
known. The horizontal distance r¼ 5010 m between the
hydrophones in Fig. 1(a) is known approximately from the
Global Positioning System (GPS) measurements of the ship
position at the time of deployment of each receiver,4 albeit
FIG. 4. (Color online) Uncertainty of the normal mode travel time measure-
ments due to subjective choice of TF masks in the warped domain. Root-
mean-square (RMS) deviation from the mean is shown for modes 2 (dashed
blue line) and 3 (solid red line). The normal modes are retrieved from the
positive-time-delay part of NCCF using nine different TF masks for each
mode. The travel time is estimated as the sample mean at each frequency.
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not with the accuracy required in the inverse problem.
Uncertainty in the receiver positions stems primarily from
the receiving systems being advected by the strong Florida
current between the system’s release on the ocean surface
and its coming to rest on the seafloor. Horizontal distance r
is treated as one of the unknown parameters to be determined
in the course of solving the inverse problem.
We model the seabed as a single sediment layer over a
harder half-space basement as shown in Fig. 6. Both the sed-
iment layer and the half-space basement are assumed to be
fluid, and absorption and shear rigidity are ignored.
Although compressional wave absorption and coupling
between compressional and shear waves in the bottom deter-
mine the mode attenuation and affect the NCCF waveform,
they have only a second-order effect on mode travel times,
which is expected to be negligible. Thus, the six unknown
parameters affecting the travel time of acoustic normal
modes are the distance r and five geoacoustic parameters:
the thickness H of the sediment layer, sound speeds cs and cb
in the sediment and basement, respectively, and the ratios qs
and qb of the densities of sediment and basement, respec-
tively, to that of water (Fig. 6).
The inversion is based on matching the measured
and modeled normal mode dispersion curves. The solution
U ¼ Û of the inverse problem minimizes the following cost
function:
K Uð Þ ¼
XM;N
m;n¼1
tm fnð Þ ! t̂m fn;Uð Þ
# $2
; (5)
where tm and t̂m are the measured and modeled travel times
of the mth mode, M is the number of normal modes, and N is
the number of frequency bins to be compared between theo-
retical and measured dispersion curves. (The total number of
M¼ 4 normal modes has been identified using time warping;
see Sec. III.) The passively measured modal travel times
tmðfnÞ are shown by circles in Fig. 5(b) and obtained by aver-
aging N-NCCF and P-NCCF retrieved modal travel times as
described in Sec. III C. Each mode m has its own number of
frequency bins N to be compared. For instance, mode 2
travel time t2ðfnÞ is reliably measured and will be compared
to modeled travel times t̂2ðfn;UÞ in the 40–100 Hz frequency
band. Similarly, mode 3 travel times will be compared in the
50–100 Hz frequency band.
The vector of six unknown parameters U¼ {r,H,cs,cb,
qs,qb}. The modeled travel time t̂mðfn;UÞ ¼ r=v̂gmðfn;UÞ
and the group speed v̂gmðfn;UÞ of mode m are calculated by
the normal mode code KRAKEN43 for each geoacoustic
model defined by the vector U.
After selecting bounds of variation of each unknown
parameter and a grid in the six-dimensional (6-D) parameter
space, an exhaustive search is used to minimize the cost
function KðUÞ in Eq. (5) and find the optimum set of the six
unknown parameters. The point Û, where KðUÞ reaches its
global minimum on the grid, is our estimate of the environ-
mental model that best fits the data.
FIG. 5. (Color online) Dispersion curves of the first four acoustic normal modes in the Florida Straits. (a) Dispersion curves retrieved from the negative-
(dashed blue lines) and positive- (solid red lines) time-delay parts of NCCF. (b) Passively measured reciprocal component of the mode travel times (circles)
and the best-fit theoretical modal dispersion curves (lines). Mode orders are indicated in the figure.
FIG. 6. The geoacoustic model implied in the inversion process. The
unknown parameters to be determined are the distance r between the hydro-
phones and five geoacoustic characteristics of the fluid seabed: sediment
layer thickness H, sound speeds cs and cb in the sediment and basement,
respectively, and dimensionless densities qs and qb of the sediment and
basement, respectively.
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V. GEOACOUSTIC PARAMETERS OF THE SEABED
A. Results of the geoacoustic inversion and
comparison with previous studies at the same
experimental site
The inversion algorithm presented in Sec. IV was
applied to the normal mode dispersion curves that were pas-
sively measured as described in Sec. III C. Propagation
range, thickness of the sediment layer, sound speeds, and
densities in the layer and underlying half-space were allowed
to vary on a regular grid in the following intervals: 4970 m
) r ) 5010 m, 6 m ) H ) 21 m, 1500 m/s ) cs ) 1700 m/s,
1700 m/s ) cb ) 2400 m/s, 1.1 ) qs ) 1.9, and 1.6 ) qb
) 2.8. The grid steps were dr¼ 1 m, dH ¼1 m, dcs¼ 5 m/s,
dcb¼ 25 m/s, dqs¼ 0.1, and dqb¼ 0.15.
The geoacoustic parameters and distance r between the
receivers obtained by solving the inverse problem are shown
in Table I under “Time-warping method.” Also included in
Table I are the geoacoustic parameters inferred in Ref. 4
from qualitative analysis of noise cross correlations, and the
results of earlier inversions of the same measured NCCF by
matching the signal waveform20 and from the requirement
that back-propagated NCCF focuses at the receiver posi-
tion.21 In terms of the input data, the primary difference of
this work from previous studies4,17,20,21 consists in exploiting
a wider frequency band of noise. In those previous studies,
SNR limitations in the NCCF measurements, as well as the
loss of coherence due to ocean surface variations during the
noise averaging time,4,41 had limited the useful frequency
band to 20–70 Hz. Although the spectral levels of NCCF at
frequencies above 70 Hz are low, use of time warping has
allowed us to retrieve modal travel times up to 100 Hz.
The seabed was modeled as a homogeneous fluid in
Ref. 4. Hence, no basement parameters are listed in Table I
in this case. It was noted in Ref. 4 that that seabed model
would need to be further adjusted in order to improve agree-
ment between the measured NCCF and simulated Green’s
function at frequencies below 30 Hz. In addition to the
parameters shown in Table I, the geoacoustic inversions
reported in Refs. 20 and 21 provided estimates of compres-
sional wave attenuation in the sediment layer and basement,
which we do not discuss here.
Results of neither in situ measurements nor active
acoustic remote sensing of the seabed parameters are avail-
able for the experimental site. The seabed information avail-
able for other sites in the Straits of Florida will be discussed
in Sec. V C.
Figure 7 illustrates the analysis of the cost function sen-
sitivity to the six unknown parameters. Each subplot illus-
trates the sensitivity of the cost function KðUÞ to the single
















Brown et al. (Ref. 4) 20–70 5010 10 1.8 1540 — —
Zang et al. (Ref. 20) 20–70 5000 9 1.3 1570 2.2 1800
Godin et al. (Ref. 21) 20–70 5010 20 1.3 1551 2.2 1800
Time-warping method 20–100 4994 14 1.4 1550 2.35 2375
FIG. 7. (Color online) Sensitivity of the data-model mismatch to individual parameters of the geoacoustic model. The unknown parameters are defined in
Fig. 6. In each panel, the cost function KðUÞ is plotted as a function of a single search parameter for all possible values of the other parameters. Only values of
KðUÞ from its minimum up to 10 ðmsÞ2 are shown. Red triangles indicate the position of the cost function minimum and the best estimate of the respective
unknown parameter.
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unknown parameter, values of which are shown on the x axis
of the subplot. Every dot represents the value of the cost func-
tion for a particular parameter vector U. Searching on a grid
makes those dots form a vertical line, where the parameter to
be searched for is fixed at the corresponding value on its x
axis, with the other five parameters being varied in the course
of the search. The best value of each parameter, at which the
cost function reaches its minimum KðÛÞ ’ 2:52 msec2, is
indicated by the red triangle in each subplot of Fig. 7.
The distance r obtained using the time-warping method
is 16 m less than the 5010-m estimate obtained from ship
positions4 (Table I), which is within the uncertainty of the
latter estimate. The difference is about one wavelength at the
highest sound frequency (100 Hz). The inversion result is
consistent with the waveform inversion20 in being less than
the nominal distance r¼ 5010 m. The nominal distance was
assumed and not adjusted in Refs. 4 and 21.
The inferred sediment thickness, H¼ 14 m, is close to
the average, 14.5 m, of the two previous inversion
results20,21 (Table I). The inferred sediment sound speed,
1550 m/s, is also close to previous results20,21 and expecta-
tions,4 especially to the passive time-reversal mirror21 inver-
sion result (Table I). Normal mode travel times are not very
sensitive to the sediment and basement densities (Fig. 7).
Still, the inferred density ratios qs and qb are close to the pre-
vious inversion results.20,21
Whereas the inferred values of the sediment layer
parameters and basement density are consistent with earlier
results, the inferred value of the basement sound speed, 2375
m/s, is much higher than and inconsistent with previous
results (Table I). Three possible reasons for this discrepancy
will be discussed in Sec. V C.
Travel time measurement errors translate into an uncer-
tainty in the value of the cost function K, Eq. (5), and, hence,
lead to an uncertainty in the inverse problem solution. To
assess this uncertainty, we compare the variations in K due
to measurement errors and due to the parameter vector U
deviations from its optimal value Û: In Fig. 8, the cost func-
tion K increases due to the variation of each component of U
are compared to mean square errors in travel time measure-
ments. The average measurement errors are about 0:1 ðmsÞ2
within the frequency band used in the inversion, as described
in Sec. III C and illustrated in Fig. 4. This mean square error
is shown by a red dashed line in each panel of Fig. 8. We
find the following bounds for each of the unknown parame-
ters: 4992 m ) r ) 4994 m, 14 m ) H ) 15 m, 1530 m/s
) cs ) 1570 m/s, 1.2 ) qs ) 1.4, 2.2 ) qb ) 2.35, and cb
* 2275 m/s. The upper bound for cb lies beyond the range of
probable values considered in our exhaustive search.
Comparison of the bounds with results of the previous inver-
sions20,21 in Table I reinforces the conclusion that the time-
warping-based estimates of sediment layer parameters and
basement density are consistent with earlier studies, but the
basement sound speed estimate is not consistent with earlier
studies.
B. Robustness of the passive geoacoustic inversion
Inversion results presented in Sec. V A are obtained with
what we believe is the optimal use of the mode travel time
information contained in the measured NCCF. Within the gen-
eral strategy of inverting the passively measured mode travel
times for seabed parameters, a number of choices have to be
made, which affects the inversion outcome. Understanding the
choices is important to ensure reproducibility of the results and
for application of the passive geoacoustic inversion to other
datasets. Five alternative versions of selecting the input data
for the inversion are briefly outlined below and listed in
FIG. 8. (Color online) Assessment of the error bounds of the inverse problem solution. Each panel is a blowup of a respective panel of Fig. 7 and depicts in
detail the cost function dependence on a single parameter of the geoacoustic model in the vicinity of the cost function’s minimum. The red dashed line shows
the frequency- and mode-order-averaged variance of the measured travel times and represents the experimental error. Error bounds for inferred geoacoustic
parameters are found from the condition that the deviations of K from its minimum do not exceed the measurement errors.
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Table II. The search bounds for unknown parameters remain
the same as in Sec. V A. We focus on the effect that the alter-
native approaches have on inferred sediment layer parameters,
which is the most reliable output of our geoacoustic inversion.
1. Separate use of the positive and negative-time-
delay parts of the NCCF
As discussed in Sec. III C, the input to our main inver-
sion is obtained for each normal mode by averaging the
travel times derived at the same frequency from the positive-
and negative-time-delay parts, P-NCCF and N-NCCF, of the
NCCF. This approach ensures complete cancellation of the
first-order effects of arbitrary currents on the modal travel
times.42 The remaining effects, which are of second order in
the small, ( 10!3, ratio of the current velocity to the sound
speed, are quite negligible.
Alternatively, one might try to double the amount of
data for inversion by using the mode travel times that are
retrieved from P-NCCF and N-NCCF as separate or comple-
mentary inputs without averaging. In implementing such an
approach, the same sr, TF mask, and number of trials were
applied to P-NCCF and N-NCCF at the time-warping stage
(Sec. III B) to minimize uncertainty. The inversion results
obtained using the P-NCCF mode dispersion curves proved
inconsistent with those obtained using the N-NCCF mode
dispersion curves. N-NCCF gives a higher cs but lower H
and lower qs than P-NCCF.
The NCCF used in the present work was symmetrized in
the time-domain by shifting the NCCF along the time-delay
axis so that the cross-correlation function of N-NCCF and
the time-reversed P-NCCF waveforms are maximum at zero
relative time delay. This procedure suppresses the acoustic
non-reciprocity due to the depth-averaged component of
the Florida Straits current and eliminates apparent non-
reciprocity due to clock drift.17 However, mode travel time
non-reciprocity depends on the current velocity shear, as
well as the mode order and wave frequency,42 and cannot be
corrected for with a single time shift. The modeled travel
times in the cost function equation (5) are calculated for
waveguides without currents. The inconsistency of the
results of P-NCCF and N-NCCF inversions shows that, in
the Florida Straits with its strong currents, the dependence of
the flow-induced travel time non-reciprocity on mode order
and wave frequency cannot be ignored even in the
geoacoustics context. Conversely, the non-reciprocal compo-
nent of the mode travel times appears to contain information
which can be used to characterize the current velocity depth-
dependence.
2. Excluding the lower frequency part of the modal
dispersion curves
Uncertainty in passively measured modal travel times
increases as frequency decreases and the group speed of a
normal mode approaches its minimum (Secs. III B and
III C). If the lower-frequency parts of the extracted disper-
sion curves are excluded from analysis and not used in inver-
sions (i.e., the lower bounds of frequencies are raised in each
normal mode by 5–10 Hz), the inversion process returns a
consistent result for the sediment layer properties with mod-
erate deviations from the optimum result. However, the
basement sound speed cb decreases by 75 m/s and becomes
closer to the results of earlier studies.20,21 At first glance, this
may appear to be a positive development. However, raising
the frequency lower bound of each mode excludes the com-
ponent of the acoustic field, which penetrates deeper into the
seabed and is most sensitive to the basement parameters.
We interpret the difference between our results in Table I
and the inversion with raised lower bounds of the frequencies
employed as an indication of the source of the discrepancies
between findings of the present and earlier20,21 studies.
3. Excluding both lower- and higher-frequency parts
of the modal dispersion curves
When the input data for inversion are specified in a nar-
rower frequency band for each mode by lowering the upper
bound and raising the lower bound of frequencies, inversion
returns the distance r value that is 8 m less than in the opti-
mum result, and somewhat higher values of the sediment
parameters H, cs, and qs. Uncertainty in the inversion results
increases. We conclude that the maximum amount of
retrieved modal travel times in a reliable frequency band, as
shown in Fig. 4, should be used as input data in order to
obtain a reliable inversion result.
4. Decreasing the number of normal modes employed
in the inversion
In principle, when measured with high accuracy and in a
very broad frequency band, the dispersion curve of a single
TABLE II. Comparison of inversion results obtained with different amounts of input data.













1 N-NCCF only 4993 15 1.1 1540 2.35 2400
1 P-NCCF only 4984 17 1.3 1510 1.75 2400
2 Excluding lower-frequency band 4995 12 1.3 1540 2.80 2300
3 Excluding both lower- and
higher frequency bands
4986 15 1.4 1610 1.60 2300
4 Decreasing number of modes 4982–4996 9–21 1.3–1.9 1520–1580 1.6–1.9 2275–2400
5 Different water depth 98–104 m 4993–4994 13–15 1.2–1.4 1540–1550 2.20–2.35 2325–2375
Optimum result
(Table I)
All available data 4994 14 1.4 1550 2.35 2375
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normal mode contains sufficient information to determine
parameters of a range-independent waveguide. This raises
the question of whether the information contained in the
measured dispersion curves of various normal modes is
redundant. To address this question, higher mode data were
excluded from the inversion process, starting from mode 4,
then mode 4 and 3, and eventually using only mode 1.
Limiting the number of modes in the input data is found to
have a strong impact on the inferred geoacoustic parameters
(see Table II) and inversion uncertainty. This finding sup-
ports the conclusion that, under the conditions of the Florida
Straits experiment, the maximum amount of reliably
retrieved modal travel time data should be used to arrive at a
robust and reliable geoacoustic inference.
5. Selecting a different water depth in a
range-independent waveguide
The seafloor is not perfectly flat at the experimental site.
Water depth experiences meter-scale variations along the
acoustic propagation path between the receivers, as well as
( 0.5 m tidal variations, which introduce a degree of uncer-
tainty in selecting the water depth in the range-independent
waveguide model that is implied in the inverse problem
(Sec. IV). Our inversion summarized in Table I assumes that
the water depth is 102 m, which is the rounded value of the
water depth measured at the location of one of the receivers.
Other choices of the water depth, from 98 m to 104 m at 1-m
steps, have been also tested, and the results are given in
Table II. The water depth values other than 102 m have
increased the minimum value of the cost function, i.e., the
data-model discrepancy, but the inferred geoacoustic param-
eters of the sediment layer have not deviated appreciably
from the values shown in the last row of Table I. Hence, 102
m water depth is deemed to be the optimal choice of the
effective water depth in the range-independent waveguide as
it allows the best data-model fit.
C. Discussion
To put the results of the geoacoustic inversion into a
broader context, it is instructive to recall the seabed informa-
tion obtained in other experiments on Florida’s Atlantic
shelf. As previously reviewed by Monjo et al.,44 Jiang
et al.,45 Ballard,46 and Zang et al.,20 a number of geological
and marine geophysical studies of the seafloor, including
seafloor coring and seismic surveys, have been conducted in
the general area with geographically closest measurements
made at about 100 km southwest47 and 120 km northeast45,46
from the site of the 2012 NI experiment.4 The seabed can be
generally characterized as a sediment layer, primarily com-
posed of very fine to fine, mostly carbonate sand over lime-
stone. The latter extends beyond the depths of tens of
meters, where penetration is expected of acoustic waves in
the frequency band 20–100 Hz. Thickness of the sediment
layer varies and depends on water depth and position relative
to the Florida current core with the sweeping action of stron-
ger current completely removing the sediment and exposing
the limestone.46 For instance, at a site ( 15 km off the
Florida Keys, which is about 100 km away from and
geologically similar to the 2012 NI experiment site, seismic
survey revealed a sediment layer with ( 10 m thickness over-
lying a limestone formation.20,47 Given the composition of
the sediment layer, the expected compressional wave speed
and density are 1540–1560 m/s and 1.7–2.0 g/cm,3,44,48
respectively, although much higher cs values in the
1673–1698 m/s range45 were measured at a site about 120 km
northeast from the 2012 NI experiment site. Geoacoustic
parameters of the limestone are controlled by its porosity and
pore type.47 On Florida’s Atlantic shelf expected values of
the compressional wave speed range from 2000 to 2600 m/
s,47 although values as large as 3000 m/s have been assumed
in the literature.46
The sediment sound speed values found from passively
measured mode travel times (Sec. V A) are well within the rel-
atively narrow range suggested by the sediment composition.
The sediment layer thicknesses found in the present work and
other passive inversions (Table I) are also consistent with
expectations based on seismic surveys.47 On the other hand,
the inferred values of sediment density, while consistent
between the three geoacoustic inversions (Table I), are signifi-
cantly lower than the values suggested by the sediment geol-
ogy.44,48 We attribute this difference to the fluid seabed model
being implied in the inversions.
Sandy sediments support shear waves, and the shear wave
speed is small compared to the sound speed in water for surfi-
cial sediments on Florida’s Atlantic shelf.45 Shear waves
decrease the input impedance of a fluid–solid interface as com-
pared to the impedance of the interface with a fluid having the
same density and compressional wave speed.49 In other words,
for sound incident from water, a solid bottom appears “softer”
than the fluid bottom with the same density and sound speed.
The sediment density inferred in the fluid seabed model should
be viewed as an effective density. The fluid seabed model
attempts to account for seafloor “softening” by the shear waves
by returning a lower, “effective” density value that is smaller
than the actual density of the seabed.
The basement sound speed cb value inferred in this work
from normal mode travel times is 575 m/s higher than in previ-
ous studies20,21 (Table I). The basic reason for the rather dis-
similar results being obtained from the same NCCF lies in the
fact that different inversion algorithms rely on distinct cost
functions, i.e., use different measures of similarity between the
measured and modeled acoustic fields. Additionally, data in a
wider frequency band are employed in the present study than
in Refs. 20 and 21 (Sec. V A), but that proves to have a smaller
effect on the cb estimate than the distinct data weighting by
different cost functions.
In full-field inversions, such as waveform matching20 and
backpropagation,21 the changes in the interference pattern due
to variations in mode phase speeds is weighted by the mode
amplitudes. Generally, the deeper the mode penetration into
and the stronger its interaction with the seabed, the weaker is
the mode’s amplitude due to sound attenuation in the bottom.
In the time-warping-based approach, the input data for inver-
sions are the frequency dependence of the modal travel times.
The data from deep-penetrating modes strongly influence the
inversion result (Sec. V B 2) and are unaffected by the modal
amplitudes as long as the SNR is sufficient for measurements.
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Sensitivity of the time-warping-based inversion to seabed and
especially basement parameters is further enhanced by the fact
that, at least in the fluid bottom case, the partial derivatives of
the group speed with respect to the basement parameters prove
to be particularly large (and larger than the phase speed deriva-
tives) at frequencies slightly above the frequency of the group
speed minimum, where modal amplitudes are strongly influ-
enced by bottom attenuation.
While the immediate mathematical cause of the discrep-
ancy between the inferred cb values has been identified, it
remains an open question as to what the true value of the
compressional wave speed below the sediment layer is.
Here, we present three plausible explanations of the inver-
sion result’s discrepancy, which suggest distinct answers to
the “true cb” question.
(1) Of the three inversions, the modal dispersion curves–-
based approach provides the highest sensitivity to waves
strongly interacting with the subbottom, and the findings
of the approach should be favored over those of Refs. 20
and 21 when it comes to cb. Unlike the earlier inversions,
the basement sound speed cb¼ 2375 m/s inferred using
time warping (Sec. V A) is well within the expected
range of compressional waves speeds in limestone,
2000–2600 m/s,47 and is, thus, consistent with the geo-
logic and seismic data obtained in the wider area of
Florida’s Atlantic shelf.
(2) Time-warping transform tends to produce artifacts in the
spectrograms with apparent group speeds that are
smaller than the minimum group speed of normal modes;
see, e.g., Fig. 1(b) in Ref. 32. In geoacoustic inversions,
underestimation of the minimum group speed translates
into exaggerated values of the basement sound speed.
Exaggerated values of cb obtained with time warping
compared to other inversion techniques have been previ-
ously reported in another experiment.26,27
In addition to data processing artifacts, there exist sound
propagation effects that contribute to the bias. Positive
cb bias occurs due to seafloor slope, when normal mode
travel times are measured in a horizontally inhomoge-
neous waveguide but a geoacoustic inversion is per-
formed for a range-independent environmental model.50
Biases of hundreds of m/s have been theoretically pre-
dicted for modest seafloor slopes at propagation distance
of 5 km.50
Thus, the large, positive difference between cb values
inferred in the present and earlier20,21 studies may be a
manifestation of the bias introduced by time warping.
(3) The basement parameters are inferred with the largest
uncertainty in each of the inversions, and the discrepancy
between the cb values in Table I can be viewed as an indi-
cation that, with the available data, none of the cb infer-
ences is reliable. An additional argument in support of
such an interpretation comes from limitations of the geoa-
coustic model implied in the inversions. Shear wave speed
in limestone is much higher than in the sediment layer,
may be comparable to the sound speed in water,47,48 and is
likely to have a non-negligible effect on the acoustic field
in water. Shear wave effects affect different acoustic
observables differently. Hence, different cost functions
will return different effective basement parameters in the
fluid seabed model, and none of the effective cb values in
Table I are necessarily close to the true speed of compres-
sional waves below the sediment layer.
At this time, we cannot definitively dismiss any of the
three plausible interpretations of the cb discrepancy.
VI. SUMMARY
NI provides a basis for a non-invasive and environmen-
tally friendly approach to acoustic remote sensing of the ocean.
In the coastal ocean, the combination of acoustic NI and time
warping allows one to passively measure dispersion curves of
normal modes by using just two hydrophones and without any
controlled sound sources. In this paper, we applied the time-
warping transform to the data obtained in the 2012 NI experi-
ment4,33 with hydrophones separated by about 50 ocean
depths, retrieved dispersion curves of 4 normal modes in the
20–100 Hz band from a 2-point cross-correlation function of
ambient and shipping noise, and derived a geoacoustic model
of the seabed from the passively measured modal travel times.
The time-warping-based technique for seabed characterization
by matching dispersion curves of normal modes excited by a
compact sound source26–32 has been extended to acoustic fields
due to distributed, random sources.
The values of the sediment layer thickness, sound speed,
and density, as well as bottom density in the basement (i.e.,
below the sediment layer), which have been obtained in the
present study, are consistent with the results of the earlier geo-
acoustic inversions20,21 performed for the same site in the
Straits of Florida. The basement sound speed value inferred
from matching passively measured dispersion curves is much
larger than in the earlier geoacoustic inversions,20,21 but is con-
sistent with the geologic and seismic data47 obtained in the
wider area of Florida’s Atlantic shelf. Several possible explan-
ations of the basement sound speed discrepancy between the
present and previous inversions20,21 have been discussed, but
further research is required to fully reconcile the results.
Application of the time-warping transform has allowed
us to retrieve additional environmental information from the
measured NCCF and extend the usable frequency band from
20–70 Hz4,17,20,21 to 20–100 Hz. Retrieval of mode dispersion
curves for sound propagating in opposite directions between
two hydrophones (i.e., up and down the Florida current)
resulted in a more accurate separation of the reciprocal and
flow-induced non-reciprocal components of the travel times
than is possible in the full field. The non-reciprocal compo-
nent of the mode travel times proved to be non-negligible in
the dispersion curve–based geoacoustic inversion. The feasi-
bility of using the mode travel time non-reciprocity to extend
the earlier passive measurements of depth-averaged flow
velocity10 and characterize the flow velocity depth-
dependence will be addressed in future research.
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